Ultrafast Electron Diffraction (UED) has been widely used to investigate the structural dynamics of molecules and materials. Femtosecond (fs) electron bunches are used to obtain diffraction images of a specimen upon photo-excitation by a temporally delayed light pulse. The high cross-section of electrons makes it a very flexible tool for the study of light elements, monolayers and surfaces; at the same time, electrons can travel down to few nanometers (nm) and structural information from the bulk can also be retrieved. In this article, we discuss the design and implementation of a flexible beamline for fs electron diffraction experiments in transmission or reflection geometry. By the use of a radiofrequency (RF) compression cavity synchronized to our laser system, in combination with a set of electron optics, we demonstrate that we can control the beam properties in terms of charge per pulse, transverse spot-size on the sample and temporal duration of the bunches. The characterization of the beam is performed via a light-electrons cross-correlation experiment and we demonstrate an overall temporal resolution around 300 fs for bunches containing up to 10 5 electrons at a repetition rate of 20 kHz.
Introduction
The dual particle-wave nature of electrons gives rise to phenomena like Bragg scattering from materials [1] . Electron diffraction is commonly used to investigate the surface quality of thin films [2] or bulk materials more in general [3] . Compared to similar techniques like X-ray diffraction (XRD) [4] , electrons are widely used for in situ characterization of surfaces and thin films owing to their higher cross-section for interaction with matter [2, 5] and simpler implementation in table-top set-ups.
Currently, a lot of attention has been devoted to the study of ultrafast phenomena in molecules [6, 7] and solids [8] [9] [10] [11] [12] [13] [14] [15] [16] , and diffraction techniques have been developed into time-resolved tools for the investigation of the structural properties of matter across a phase transition or as a result of an excitation induced by light pulses [5, [17] [18] [19] [20] . Both fs X-ray diffraction and absorption [17, 18] and fs electron diffraction [19, 20] have proven effective in determining the ionic motions accompanying phase transformations in materials [19, 21] . The main limitations for these tools have been the flux for X-rays based sources [22, 23] , and spacecharge effects limiting time resolution for electron based ones [24] . The advent of the next generation X-ray sources, such as free electron lasers [25, 26] , promises to push the performances of X-ray based techniques all the way to being able to observe delicate materials structures within one single pulse as short as few fs [27] [28] [29] . At the same time, RF technology has been used to improve electron diffraction performances, allowing to obtain few tens to few hundreds of fs electron bunches containing up to 10 6 electrons at 100 kV acceleration voltage [24] , and up to 10 8 at 3.5 MV and 5.4 MV [30, 31] , also enough for single-shot experiments on materials [24, 26, 30] . In this work, we describe the design and implementation of a table-top electron diffractometer operating at 30 kV acceleration voltage capable of fs-resolved experiments both in transmission and reflection geometry. The RF technology, comprising an RF cavity, a temperature control unit and a phase-locked loop circuit, has been developed and demonstrated by Luiten and co-workers [24, [32] [33] [34] and is currently commercially available from AccTec [35] . The aim of these experiments is to reach a temporal resolution in the 100-fs time-scale in a set-up that can measure both monolayers [36] and bulk systems. Control of the sample temperature is obtained via a liquid helium flow-cryostat operating in the range between 1.8 K and 300 K. The whole beamline is designed to reach a vacuum around 10 À 10 mbar, and standard surface preparation tools such as a crystal cleaver and a tool for mechanical scraping are mounted on a removable feedthrough.
Beamline design
In this section, we illustrate some basic principles of electron optics that were used to design the beamline. We will present a bottom-up approach consisting mainly of three steps:
(i) The beam propagation is first described within a one-to-one analogy with geometrical optics, neglecting all space-charge effects and the finite dimensions of the electron source. In this analogy, electron optics like solenoids and the RF cavity can be considered as thin lenses with an adjustable focal distance, with current being the adjusting parameter. This allows to coarsely estimate the position and strength of the electronic lenses needed to obtain the wanted diffraction image on the detector. (ii) The finite size and brilliance (emittance in electron beam physics) of the source are taken into account, and an estimate is given of both the temporal duration and transverse spotsize that can be expected in a geometrical arrangement such as the one described in (i). Space-charge effects are neglected. (iii) The full simulation of the beam propagation is performed with the General Particle Tracer (GPT) code [37] that considers: the real field profile and emittance of the electron source, the thickness of the electronic lenses (solenoids and RF cavity), the exact field profile in the RF cavity, and spacecharge effects during propagation. These simulations are used to refine the design parameters and are later verified by an experiment.
The full simulation of the beamline will be discussed in Section 4, after its experimental implementation has been described in Section 3. The characterization of the beamline performances and its comparison to the simulations will be shown in Section 5. Finally, conclusions will be discussed in Section 6.
Ray tracing design
As a first approximation, we neglect the finite size of the electron source and all space-charge effects. In these conditions, the evolution of the bunch in space (transverse coordinate) and time (longitudinal coordinate), can be separated and considered independent from one another. The aim of the design is to obtain a beam that is as focused as possible in both space and time on the sample. For this purpose a set of electronic lenses are used. In particular, two solenoids are employed to first collimate the beam transversally and then focus it on the sample. In first approximation, solenoids can be seen as thin lenses with a currentcontrolled focal distance. These electronic lenses are made of a number N w of copper wire windings, each carrying a certain current I w . The magnetic field produced along the axis of the solenoid is given by the linear superposition of the fields of each winding, which simply corresponds to the field given by the BiotSavart law for a current spire:
where z is the propagation coordinate, R the average radius of the solenoid and I ¼ N w I w , with N w the number of windings and I w the current through a single wire. The focusing distance of a solenoid is related to the applied field B z ð0,zÞ by the following equation:
where m e is the mass of the electron, U the electron energy (in our case 30 keV) and e is the electron charge in Coulomb.
To treat the longitudinal beam properties, a RF cavity is employed. The RF cavity is made out of two copper half-cells brazed at 750 1C for vacuum compatibility and it is oscillating on the TM 010 mode with a resonant frequency of 3 GHz. The stability of the resonant frequency value sent to the cavity is controlled by a temperature control system with a precision of 4 mK. By synchronizing the phase offset of the RF field to the photoemitted laser pulses [34] , the first electrons of the bunch entering the cavity (fastest ones) feel a decelerating electric field while the latest to enter the cavity (slowest) feel an accelerating field. The net result is a chirp imparted to the bunches which compensates their tendency to broaden during propagation. When the phase between the RF field and the electron pulse is the one described above, the corresponding magnetic field distribution in the cavity induces a slight spatial defocus of the beam. When operating on a p shifted phase instead, spatial focusing and temporal defocusing can be obtained. Further details on the principles behind this component are given in Ref. [38] . For our purposes, we consider the cavity as a tunable temporal and spatial lens with a temporal focal distance which depends on the strength of the RF electric field in the cavity following the formula:
where m e is the mass of the electron, v the electron velocitytaken as a third of the velocity of light c for non-relativistic electrons with 30 keV energy -and e is the electron charge in Coulomb. Eq. (3) shows how the focusing properties depend on the peculiar parameters of the cavity, like the amplitude of the field E 0 applied, its phase f 0 , its frequency o ðrad=secÞ and the width d c (5 mm) of the electrons-RF field interaction space. Neglecting space-charge effects, from a simple geometrical optics consideration one should expect a tighter focus for a shorter focal distance. This suggests that for obtaining the shortest possible bunches in time on the sample, the distance between the cavity and the sample must be minimized. Moreover, limiting the distance between the cavity and the sample reduces spacecharge induced beam degradation and beam expansion, making it easier to use samples where a much smaller spot-size is desired [39] . In our set-up, mechanical constraints fix this distance at 11 cm, which will then be our longitudinal focal distance for the RF cavity. For non-relativistic velocities, the transverse and longitudinal focal length of the cavity are related in a very simple and direct way:
The negative sign for f T,cav in Eq. (4) evidences the transverse defocusing effect of the RF cavity when operating on the phase capable of compensating the temporal chirp of the pulses.
The overall layout of the beamline is depicted in Fig. 1 , where the spatial and temporal problems are separated into two insets (top and bottom respectively). To have a spatially concentrated beam on the sample, the photoemitted electrons are collimated by a first solenoid (convex lens) and later focused by a second solenoid (convex lens). The RF cavity is treated as a defocusing element (concave lens) with a negative focal distance of À 22 cm (given by the above considerations and Eq. (4)). For the best collimation of the photoemitted electron beam, the first solenoid should have the highest possible numerical aperture, i.e. the shortest focal distance. For this purpose, it is placed as close as possible to the electron source; this distance is also mechanically constrained to be 8.4 cm. Using Eqs. (1) and (2), one can obtain the current needed to achieve a focal length of 8.4 cm in the first solenoid. In particular, we find that a total current of 1225 A is needed with an average radius of the windings of 6 cm. In reality, our solenoid is composed of 50 windings each carrying 24.5 A, with an average radius around 6 cm and a total thickness of about 4 cm. The collimated electron beam is then directed to the combination of lenses formed by the second solenoid and the RF cavity. The distance between the cavity and the sample is fixed, as explained above, to 11 cm, while the cavity behaves as a defocusing lens with a focal distance of À22 cm, as depicted in Fig. 1A . Since the aim is to obtain a transverse spot-size as small as possible on the sample, the second solenoid should have the shortest possible focal distance to both compensate the effect of the transverse defocusing of the cavity and compress the beam spatially. In this case also mechanical constraints impose that the second solenoid is placed before the RF cavity at approximately 8.6 cm from its center. Considering that an ideally collimated beam hits the set of lenses composed by the second solenoid and the RF cavity, geometrical optics dictates that:
where Z final is the distance from the second solenoid to the formed image, f T,cav ¼ À22 cm is the focal length of the RF cavity, and Z 2 ¼ d sc Àf sol2 with d sc being the distance between the second solenoid and the RF cavity and f sol2 being the focal length of the second solenoid. By imposing the mechanical conditions that d sc ¼ 8:6 cm, resulting in a total distance Z final of 19.6 cm, one can find the focal length of the second solenoid needed to compensate for the defocusing effect of the RF cavity; for satisfying Eq. (5), Z 2 ¼ À10:5 cm and f sol2 ¼ 19 cm. To obtain such a focal distance the second solenoid was designed to carry a total current of 780 A, distributed over 400 windings with an average radius of 3.8 cm (current per winding¼1.95 A). The overall evolution of the transverse beamsize is pictorially shown in Fig. 1A .
The temporal evolution of the bunches in the beamline is displayed in Fig. 1B . The RF cavity is the only element acting on the compression of the ellipsoidal bunches in time and simply provides a temporally focused beam at the sample position; the focal distance of the RF cavity is controlled via the strength of the RF field injected in it. In particular, for obtaining a focal distance around 11 cm, the field strength in the cavity should be around 0.54 MV/m, according to Eq. (3).
Propagation of a beam with finite size and emittance
In this section, we take into account the finite size of the electron source and its brilliance, called emittance in electron optics. An estimate of the final spot-size in both time and space can be provided based on these considerations and neglecting the space-charge interaction. For an optical beam, brilliance or brightness can be defined as the energy stored in the beam per unit time and solid angle. This is a quantity that is conserved during light propagation in a passive medium, and gives information on the focusability of an optical beam [40] . Analogously, one can define a transverse or a longitudinal emittance for an electron beam, which depends respectively on its spatial and temporal dimensions as well as on its momentum spread in space (angular divergence) and time (temporal divergence). The emittance of an electron bunch is also a conserved quantity (considering ideal electron optics), and like brilliance for optics it gives a measure of the focusability in both space and time of the beam itself. The beam energy spread is a less critical parameter for diffraction experiments, an account of its influence on the propagation can be found in Ref. [41] . The rigorous definition and the statistical derivation of the emittance for an electron beam composed of a high number of particles are beyond the scope of this article and can be found in Refs. [38, 40] . For our purposes, we use the concept and the simplified expressions that apply to our case. Like in the previous section, the transverse and longitudinal evolution of the beam during propagation are considered separately for simplicity.
The transverse emittance of a monochromatic beam of independent particles at a waist (neglecting space-charge effects) can be defined simply as:
Where d x is the transverse dimension of the beam and s y its angular divergence. The transverse emittance has the units of m and measures how tightly a beam can be focused. When a beam with lateral dimensions d i impinges on a solenoid, the latter bends the trajectories of the electrons and focuses the beam to a spot. The angular divergence imparted by the solenoid to the beam is simply s y ¼ d i =f sol , with f sol being the focal length of the solenoid. Combining the equations for e x and s y , one can estimate the spot-size d x produced by a solenoid of a given focal length f sol . The emittance properties of our photoelectron gun have been measured, and a value for e x around 10 À 6 m was estimated. In Fig. 2A , the transverse dimension of the spot as a function of the beam emittance and diameter at the entrance of a solenoid with a focal length around 19 cm, like the one we use to focus our beam on the sample, is plotted. It is visible that for an emittance around 10 À 6 m and a beamsize of approximately 1 mm one should expect a focused spot between 100 and 150 mm.
As far as the temporal evolution of the beam is concerned, the longitudinal emittance can be defined as:
Where s z is the beam dimension in the z direction (propagation direction), which corresponds to the Root-Mean-Square (RMS) bunch length, and s pz is the temporal momentum spread of the bunch. The longitudinal emittance measures the temporal compressibility of an electron pulse. Typical values for this quantity range between 10 À 9 m and 10 À 8 m. The final pulse duration is related to the longitudinal emittance and the RF cavity longitudinal focal distance f L,cav via the formula:
where t i is the duration of the pulses at the entrance of the RF cavity and v is the velocity of the electrons, in our case v % c=3. In analogy to the transverse evolution of the beam, and to what geometrical optics considerations suggest, the temporal spot-size depends on the focal distance of the focusing lens, in this case the RF cavity. As expected, the shorter the focal distance, the shorter the achievable pulse duration. This is an important point which constraints the design of the final set-up because it suggests that the RF cavity should be as close as possible to the sample for having the shortest possible pulses and therefore the best time resolution. In Fig. 2B , the pulse duration obtained after a RF cavity with a focal distance of 11 cm for a range of longitudinal emittances between 10 À 8 m and 10 À 7 m and input pulses durations between 1 ps and 10 ps is shown. With a longitudinal emittance around 5 Â 10 À 8 m and an initial pulse at the entrance of the cavity longer than 5 ps, we expect to obtain electron pulses compressed below 100 fs.
To summarize, keeping into account the geometries described in the previous section, and the realistic performances of our electron source in terms of beamsize and emittance, we estimate that we should be able to obtain o 100 fs pulses of electrons focused into approximately 100 mm. All these considerations neglect the effect of space-charge, which will be treated in details in the next sections.
Experimental implementation
Thanks to the simple ingredients described above, the position of the elements composing the beamline can be coarsely decided and the experiment can be physically implemented. The refinement of the parameters governing the beam propagation will be performed simulating the whole experiment under realistic conditions via the GPT code in Section 4. The overall layout of our beamline is presented in Fig. 3 . In panel A the design of the experiment is shown, while its implementation is depicted in panel B. Our UED apparatus is powered by a KMLabs Wyvern Ti:sapphire amplified laser delivering 50 fs pulses at a wavelength of 800 nm and with an energy of 700 mJ per pulse at a repetition rate of 20 kHz. The shot-to-shot noise on the energy per pulse in this system is below 0.2%. The amplified fs laser beam is divided into two paths with a beam-splitter. One beam is used to photoexcite the sample at 800 nm. The other beam is frequency-tripled by third harmonic generation in nonlinear crystals, and the 266 nm beam thus obtained is used to generate the probing electron pulses inside a DC gun. The DC gun is made of a high voltage cathode (30 kV) on top of which a silver-coated sapphire window is glued to guarantee electrical connection. The cathode is isolated from the anode, which is grounded to the UHV shield of the DC gun. Electrons are photoemitted by back-illuminating the photocathode with the 266 nm optical pulses, and are accelerated to 30 keV and directed through a Pt-Ir pinhole of 150 mm diameter. The electron probe pulses are directed to the sample with the system of magnetic lenses described above. This includes the two solenoids used respectively to collimate and focus the beam outcoming the DC gun and two steering plates for the orthogonal deflection of the beam; the RF cavity for the temporal compression of the electron probe pulses is placed right before the experimental chamber and its average distance from the sample is of 11 cm (depending on the manipulator position). All distances and positions of the electronic lenses are shown in Fig. 3A and B. The sample chamber has been designed to have openings for the incoming probe pulses, the pump optical access, the single-electron-counting ChargeCoupled Device (CCD) detector exit and a cryogenic system that allows to explore a range of temperatures from 1.8 K up to 300 K. Additional openings were designed for preparation tools, internal vision and pressure gauges. A high-precision goniometer allows the motion of the sample along three axis (x,y,z) and one angle (the rotation around the cryostat axis). The angular rotation of the sample around its surface normal is used in Reflection HighEnergy Electron Diffraction (RHEED) experiments and is obtained via a piezo-electric support, which is in thermal contact with the cryostat. An optical delay line allows to change the time of arrival on the sample between pump and probe pulses. The electron pulses scatter from the sample and a diffraction image is detected by a CCD capable of a one-to-one conversion efficiency between electrons and output counts. The automation of the experimental setup was performed by controlling the instruments via computer.
Propagation of the electron beam in the presence of spacecharge effects
The complete simulation of the beamline performances was carried out via the commercial software GPT [37] . This software uses the realistic field maps calculated ab-initio starting from Maxwell equations for the electron gun, the RF cavity and the solenoids, and takes into account the effect of mutual Coulomb repulsion between electrons during propagation, i.e. space-charge effects. The simulations were done with the Particle-In-Cell method of GPT version 2.8 [42] . Stochastic effects for photoemission were assumed to be in the few percent range and therefore neglected. In the simulations, a gun voltage of 30 kV over 5 mm was used, resulting in an extraction field of 6 MV/m. The acceleration section ends abruptly with a mesh and this is modeled by using a GPT element with a uniform E z field. Any additional emittance growth due to the mesh was not taken into account. The acceleration section is followed directly by a pipe and a pinhole with a diameter of 150 mm. The simulated initial bunch charge was 100 fC with a Gaussian transverse distribution with standard deviation s ¼ 250 mm and a cut-off at one s point. With the pinhole considered, this results in approximately 10% of electrons being delivered to the sample. The initial bunch length is 50 fs FWHM with a Gaussian temporal profile. The initial thermal emittance was set at approximately 0:45 mm per mm radius. The evolution of the beam in the whole beamline under the above-mentioned experimental conditions is shown for both the transverse and longitudinal dimension in Fig. 3C . In this simulation we use the highest charge we can obtain from our DC gun (6 Â 10 5 electrons per pulse). In this plot, the evolution of the beam diameter, pink line, shows the initial expansion after emission from the gun aperture, position z¼ 0; the first collimating solenoid is found at z ¼8.4 cm from the cathode and compensates for the initial beam divergence. An almost 0.5 mm beam reaches the second focusing solenoid at z ¼25.4 cm and enters the RF cavity at z¼ 34 cm receiving a slight transverse defocusing. The transverse beam dimension between z¼ 44 cm and z¼47 cm, where the sample will be positioned, is around 160 mm, in good agreement with previous estimates. In the same figure, the longitudinal evolution of the beam is displayed (blue line). After emission from the cathode, the electron bunch spreads in time, and it reaches the RF cavity with a duration longer than 10 ps, at duration. These numbers are in good agreement with the crude estimates we made based on simple geometrical optics arguments and show that space-charge effects can dominate propagation only at extreme values of charge, as will be discussed in further details later on.
Experimental characterization of the beamline
To characterize the performances of our beamline, a crosscorrelation experiment between electron and photon pulses was carried out [43, 44] . A shadow image of a copper grid was created by focusing the electrons before the same grid and intense laser pulses were used to photoemit electrons via a multi-photon process from the copper. The charge created by light pulses produces a lensing effect on the electrons which is visible as a distortion of the grid image. The experiment is based on the simple schematic layout depicted in Fig. 4 . The pump and the probe beams are directed to the sample chamber, and an optical delay line allows to change the timing between them. When the overlap between the pump and the probe beam at t ¼0 takes place, charge is created on the copper grid which deflects the electrons of the probe. This causes the appearance of a hole in the image of the grid on the CCD, as shown in Fig. 4B .
The transverse evolution of the beam is not critical and can be easily monitored by observing the beamsize on the CCD upon varying the current in the collimating and focusing solenoids respectively. The obtained spot-sizes on the CCD agree with the predictions described in the previous sections. For this reason, we focus our attention on the longitudinal evolution of the beam, which is governed by the RF cavity and determines the final timeresolution of the set-up. As discussed above, the RF cavity can be treated as a temporal thin lens whose focal distance and behavior (temporally focusing or defocusing) are governed by the injected RF field strength and phase. These dependences are verified at two different acceleration voltages of the electron bunches, 25 and 30 kV.
Propagation of 25 kV electrons
For slower electrons, a lower field is expected to be needed in the cavity to compress the electron pulses. In Fig. 5 a set of experiments at 25 keV energy is reported. The RF cavity to sample distance was 15 cm. Our experiments were carried out at 6 Â 10 4 electrons per pulse. The estimate was performed integrating the counts from our single-electron-counting CCD. At such a low charge level this estimate is not a critical parameter as will be discussed below. In panel A the temporal evolution of the width of the hole produced by the laser pulses on the grid image (see Fig. 4B ) is displayed at the optimal compression field (0.30 MV/m for 25 kV electrons). An estimate of the field needed to focus temporally 25 keV electron pulses at 15 cm from the RF cavity can be obtained from Eq. (3) for different values of the RF phase. In our set-up, the phase of the RF field can be controlled via a voltage (0-10 V) with a total dynamical range of approximately 7001, therefore two values of the phase leading to the bunches optimal temporal compression are expected to be found. For technical reasons, the voltage control of the RF phase is not linear; a phase can be associated to a voltage in Fig. 5B where the cavity's temporal and spatial focusing properties are displayed as a function of the phase, as discussed below. In Fig. 5B , the transverse beam dimension observed on the CCD without current in the focusing solenoid (i.e. for a spatially collimated beam entering in the RF cavity, blue symbols) and the rise time of the electron-laser cross-correlation (red symbols) are displayed. As shown by the minus sign in Eq. (4), the RF cavity behaves as a temporally focusing lens for a given phase, at which its spatial effect is to defocus the beam. On the contrary, when the phase is such that the RF cavity focuses spatially, it will defocus the beam temporally. For this reason, in Fig. 5B the minimum rise-time of the cross-correlation effect, corresponding to the maximum compression of the pulses, happens in coincidence with the phase that gives the largest transverse spot-size. This experiment demonstrates in a simple way the principle by which the RF compression cavity works. In Fig. 5C , the effect of the field strength in the cavity is also shown. For the optimal field of 0.30 MV/m the rise-time of the cross-correlation is the shortest while it becomes longer for both a higher and a lower field because the temporal focus of the RF cavity does not correspond anymore to the position of the sample. At lower acceleration voltages, 25 kV in this case, compression is not optimal because a lower field is needed resulting in a longer focal length, see Eq. (3), and space-charge effect and emittance-related effects are of course enhanced. In these conditions the rise-time of the width of the laser-induced hole in the image is approximately 700 fs, which gives us a rough estimate of the overall temporal resolution of the experiment at this energy. The experiments at 25 kV were used simply to test the trends of the bunch length as a function of the different parameters like the phase and the field strength. The choice of slower electrons was done to enhance the sensitivity of the propagation to these parameters and show the trends more clearly. The precise characterization of the beamline performance was obtained via experiments at 30 kV acceleration voltage.
Propagation of 30 kV electrons
In these experiments, the copper grid was positioned around 47.5 cm from the cathode. The optimal focal length of the RF cavity for compression was therefore 13.5 cm, which could be obtained using a field around 0.54 MV/m. The charge in the bunches was around 6 Â 10 4 ; this was estimated via our singleelectron-counting detector for which we know that 1 electron produces around 100 counts. Our beam produces a spot in the CCD of approximately 10 Â 10 pixels (100 pixels) whose integrated counts per single pulse was 6 Â 10 6 . In Fig. 6 , the results of the electrons-light cross-correlation experiment at 30 kV are shown. The effect of the laser pulses on the image of the copper grid is analyzed in two different ways. The cross-correlation of the images at the different time delays t and t 0 is evaluated according to the formula:
where the contrast C x,y ðtÞ ¼ ½I x,y ðtÞÀIðtÞ=IðtÞ, with I x,y ðtÞ the intensity of the pixel at the position (x,y) at time t, and IðtÞ is the mean of I x,y ðtÞ. By comparing images at different time delays t with respect to a fixed-image frame at t 0 before t ¼0, through the evaluation of the correlation coefficient gðt 0 ; tÞ, the cross-correlation method allows to retrieve information on the image dynamics as a function of time. The results of this analysis are shown in Fig. 6A for three different phases (for 30 kV electrons the phase corresponding to 4 V on the controller is the one corresponding to maximum temporal compression). Alternatively, the dip caused in the image counts by the laser pulse is fitted to a Gaussian profile whose area (intensity Á width) is displayed for different values of the phase and field strength in Fig. 6B and C. These transients evidence the optimal phase and field as simulated via GPT, and are fitted to a step function convoluted to a Gaussian, the latter simulating the effect of time-resolution:
with a and b respectively the height and the position of the step function, and c the smearing of the Gaussian. These fits yield a temporal resolution of 580 fs for the crosscorrelation and 360 fs for the overall area. The temporal evolution of the beam in these experiments was simulated in GPT, using the very same experimental parameters in terms of distances and currents in the beamline components. In Fig. 7 , the bunch length as a function of the field strength, phase, and charge in the pulses are shown. In panels A to C, the bunches duration dependence on the RF field strength is displayed within 10 cm around the sample position (5 before and 5 after) for three different values of the charge in each pulse. As the number of electrons in every shot is increased, the focal depth of the RF cavity decreases and the final pulse duration increases. For less than 10 5 electrons per pulse and at the optimal field strength of 0.54 MV/m, which gives the optimal compression at the sample position (z¼47.5 cm), the pulses duration is found to be shorter than 400 fs over around 6 cm of propagation. The field and phase dependence for less than 10 5 electrons in every bunch, in Fig. 7(panels A, B and D, E) , is also found to be relatively weak. These results suggest that for stroboscopic experiments where integration of the signal over several pulses is carried out, using a smaller charge per bunch results in a dramatically less critical set-up in which few hundreds of fs pulses can be obtained even in non ideal conditions. At higher values of the charge, the focal depth of the cavity becomes very short and the compression critical. In these conditions, errors or fluctuations in the field strength or/and phase quickly result in a compromised temporal resolution. To better evidence this effect, the pulses duration as a function of the charge per pulse at a particular RF field strength (0.54 MV/m) is displayed in Fig. 8 . These data show that to have the optimal compression for the focal distance required by our set-up (10-15 cm), the number of electrons in every pulse should not exceed 10
5
. Above this charge, while it is still possible to compress pulses down to 2-300 fs, the control of the relevant parameters and its required precision becomes impractical. In general, at high charge values, a stronger RF field would be required to compensate space-charge effects, which would mean a shorter focal distance and therefore placing the RF cavity closer to the sample, which is also impractical for construction reasons.
Discussion and conclusions
In a UED set-up, the pulses duration on the sample is not the only limiting factor for the overall performance. Several other effects can spoil the temporal resolution of the beamline, which can be defined as:
In this formula, the statistic average between the arrival time jitter of the pulses, the pulse length and the Group Velocity Mismatch (GVM) is taken. In our set-up, the RF cavity is controlled via a phase-lockedloop circuit which receives a driving signal from the laser oscillator and controls the central frequency of a local Voltage Controlled Oscillator (VCO) to match the repetition rate of the laser [34] . When the circuit is locked and the local electronic oscillator is synchronized to the laser, the error signal, taken as the residual difference between the repetition rate of the laser and the controlled VCO output, can be monitored. The synchronizer has been tested as a stand-alone unit and shows an electronic jitter of 10 fs in the frequency range up to 30 kHz; in Ref. [24] , in a complete experiment the synchronization of the RF cavity to the laser has been shown to have a pulse-to-pulse jitter around 80 fs. For this reason, we use Dt jitter ¼ 80 fs in Eq. (11).
The bunches duration in the focus of the cavity are estimated via GPT simulation, and for the highest charge we considered, 6 Â 10 5 electrons per pulse, we obtain 288 fs. Therefore, Dt duration ¼ 288 fs in Eq. (11) .
The GVM is given by the difference in the time of arrival between the photon pulses and the electron probe in the different parts of the sample. In our geometry, the photoexcited area had a diameter of 125 mm; with an excitation laser fluence of 48.9 mJ/ cm 2 the resulting GVM is 242 fs [50] (Dt GVM ¼ 242 fs).
According to these estimates, which are done considering the highest charge we can extract from our cathode, and a nonoptimized geometry to limit GVM effects, we obtain an overall time resolution around 380 fs, in good agreement with the lowest value obtained experimentally of 360 fs.
The design of these experiments has been carried out with the idea to build a flexible beamline in which the propagation parameters, spot-size, pulses duration and charge could be varied to match the experimental requirements. The sample environment is controlled in a separate vacuum chamber and gives the standard conditions used in more common photoemission or surface science experiments, in terms of vacuum and temperature control. In this article, we describe the basic concepts needed for the design of such a system, but we stress that these ideas are general and apply to different geometries and experimental arrangements. The aim of this work is to provide the reader with simple recipes to design a pulsed electron diffraction beamline and estimate its performances. In our particular case, few hundreds of fs time-resolution using up to 10 5 electrons per pulse was demonstrated. Compared to existing similar set-ups [43, [45] [46] [47] [48] [49] [50] , our beamline takes advantage of the repetition rate of the laser, 20 kHz, and the high charge per bunch which we can use to achieve a high signal-to-noise ratio on the diffraction images. In general, 10 6 electrons need to be counted to acquire a diffraction pattern [24, 26] ; however, in a time-resolved experiments changes smaller than 1% in the Bragg peaks position or intensity must be distinguished, requiring a higher signal-tonoise ratio which can be obtained only by averaging over several images. As an example, the diffraction images recorded in Refs. [9, 10, 16, 20] contained as many as 3.6 Â 10 8 electrons. These counts were obtained using approximately 2000 electrons per pulse at 1 kHz repetition rate over three minutes integration time.
Using the RF technology to store more electrons in every shot, up to 10 5 , and a higher repetition rate laser, 20 kHz in our case, it is possible to reduce significantly the acquisition time and achieve a very high signal-to-noise ratio in the diffraction patterns. We would also like to point out that the RF cavity only requires a slightly stronger spatial lens before itself to compensate for its defocusing effect, and can be implemented easily on a preexisting beamline. As far as the limits in the performances of such a system, our estimates suggest that the best overall timeresolution achievable may be below 100 fs. The timing jitter is an inherent parameter of the RF set-up and 80 fs seems to be its limit in terms of performances. The pulse duration instead can be tuned by varying the sample position and the charge in the beam; compression down to 60 fs can be easily achieved with 10 4 electrons per pulse. The ultimate limiting factor for the time resolution is the GVM which can be particularly severe in reflection geometry [50] . A precise estimate of how effective is the approach of tilting of the optical wavefront (described in Ref. [50] ) is lacking; the shortest time-resolution observed with this arrangement has been 200 fs in Ref. [19] . In transmission geometry instead, reducing the angle between electrons and photons and controlling the spot-size on the sample one can easily limit the GVM below 100 fs.
In conclusion, we reported the implementation of a beamline for UED capable of both reflection and transmission geometry experiments, using 30 kV electrons and a state of the art RF compression cavity. A temporal resolution ranging between 60 fs and few hundreds of fs can be achieved in these experiments depending on the beamline parameters and the charge employed in the electron bunches. The design criteria and principles have been illustrated and a series of recipes has been provided which can be used both to design new ultrafast electron systems and to upgrade pre-existing ones.
